It has been suggested that caffeine acts as an allelochemical which influences the germination and growth of plants. The effect of caffeine on the expression profiles of proteins was investigated in shoot-root axes of rice (Oryza sativa) seedlings. Two-dimensional difference gel electrophoresis combined with Matrix-Assisted Laser Desorption/Ionization Time of Flight/Time of Flight Mass Spectrometry was employed for the separation and identification of proteins. The results indicated that amounts of 51 protein spots were reduced and 14 were increased by treatment with 1 mM caffeine. Twelve rice seedling proteins were identified. Down-regulated proteins were-tubulin, sucrose synthase, glyceraldehyde-3-phosphate dehydrogenase, reversibly glycosylated polypeptide/α-1,4glucan protein synthase and cytoplasmic malate dehydrogenase. In contrast, up-regulated proteins were alanyl-aminopeptidase, acetyl-CoA carboxylase, adenine phosphoribosyltransferase, NAD-malate dehydrogenase, ornithine carbamoyltransferase, glucose-6-phosphate isomerase and nuclear RNA binding protein. Possible alternation of metabolism caused by caffeine is discussed with the protein expression data.
Caffeine is a unique secondary metabolite found in substantial amounts in some plant species including tea (Camellia sinensis), coffee (Coffea arabica), maté (Ilex paraguariensis), Kola nut (Cola acuminate), guaraná (Paullinia cupana) and cacao (Theobroma cacao) [1] . There are several reports which suggest that caffeine acts as an allelochemical; caffeine in seed coats and/or leaves is released into the soil and inhibits germination of seeds [2] [3] [4] [5] . As a series of our studies on the biological role of caffeine in plants, we explored the effects of caffeine on the protein accumulation profiles in seedlings of rice (Oryza sativa). These basic studies are important as the first step to elucidate the effect of caffeine at the protein level.
Protein expression was compared in the shoot-root axes of rice seedlings grown in darkness for 4 days with and without 1 mM caffeine. Proteins were analysed with two-dimensional difference gel electrophoresis (2DE) combined with Matrix-Assisted Laser Desorption/Ionization Time of Flight/Time of Flight Mass Spectrometry (MALDI-TOF/TOF-MS). Figure 1 shows the representative 2-DE gel images of water-soluble proteins extracted from shoot-root axes of rice. The 2-DE profiles of triplicate samples showed that 65 spots are always significantly different between the control and the caffeine-treated samples. When protein quantities are expressed as ppm of total protein staining, amounts of 51 spots were reduced and 14 spots were increased by caffeine treatments. Twelve spots which were present in adequate amounts and which exhibited the greatest difference between control and caffeine-treated samples were selected for MALDI-TOF/TOF-MS analysis. The selected protein and its relative amounts in the rice seedlings in the presence and absence of caffeine are shown in Figure 2 , while the annotated names are listed in Table 1 . The quantities of 5 proteins were reduced and 7 were enhanced. The 5 down-regulated proteins were-tubulin (#3321), sucrose synthase (#3418), glyceraldehyde-3-phosphate dehydrogenase (#6118), reversibly glycosylated polypeptide/α-1,4glucan protein synthase (#6118) and cytoplasmic malate dehydrogenase (#7222).
β-Tubulin (tubulin β-1 chain) is the major constituent of microtubules. It binds two moles of GTP, one at an exchangeable site on the β chain and one at a non-exchangeable site on the chain [6] . The 4 other proteins are enzymes involved in carbohydrate metabolism. Sucrose synthase (EC 2.4.1.13) is a sucrose-cleaving enzyme that provides UDP-glucose and fructose. The reaction is sucrose + UDP → UDP-glucose + fructose. Hydrolysis of sucrose is important to utilise the storage of sucrose for various metabolic pathways [7] . Glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12) is involved in glycolysis. The reaction is glyceraldehyde-3-phosphate + NAD + + Pi → 1,3-Bisphosphoglycerate + NADH + H + [7] . The protein identified as reversibly glycosylated polypeptide/α-1,4-glucan protein synthase is shown as UDParabinopyranose mutase (EC 5.4.99.30). The reaction is UDP-βarabinofuranose → UDP-β-arabinopyranose. This mutase is involved in the biosynthesis of cell wall non-cellulosic polysaccharides [8] . The protein identified as cytoplasmic malate dehydrogenase (EC 1.1.1.37) catalyses the reaction, malate + NAD + ↔ oxaloacetate + NADH. The isoenzymes of malate dehydrogenase are located in some organelles and cytosol [9] . The detailed function of the annotated protein is unknown.
We found that 1 mM caffeine increased the amounts of 7 annotated proteins. They are alanyl aminopeptidase (#2914), acetyl-CoA carboxylase 2 (#2915), adenine phosphoribosyltransferase 1 (#4018), NAD-malate dehydrogenase (#4316), ornithine carbamoyltransferase (#5314), nuclear RNA binding protein (#8434) and glucose-6-phosphate isomerase (#8620). Except for nuclear RNA binding protein, the proteins are enzymes involved in carbohydrate, nitrogen and energy metabolism. Alanyl aminopeptidase (EC 3.4.11.14) catalyses the cleavage of a N-terminal amino acid (preferentially alanine) from the proteins. This enzyme plays an important role in the mobilization of storage proteins during seed germination [10] . Glucose-6-phosphate isomerase (EC 5.3.1.9) is an enzyme involved in glycolysis and catalyzes the conversion of glucose-6-phosphate into fructose 6phosphate [7] . Mitochondrial malate dehydrogenase (EC 1.1.1.37) catalyzes the conversion of malate to oxaloacetate in the tricarboxylic acid cycle [11] . Acetyl-CoA carboxylase (EC 6.4.1.2) is a multifunctional enzyme that catalyzes the carboxylation of acetyl-CoA, and forms malonyl-CoA. The malonyl-CoA produced is used in various biosynthetic pathways including fatty acid elongation [12] and flavonoid biosynthesis [13] . Adenine phosphoribosyltransferase (EC 2.4.2.7) participates in the adenine salvage, i.e., reutilization of adenine formed as a catabolite of adenine nucleotides and nucleic acids, for the synthesis of AMP [14] . Ornithine transcarbamylase (EC 2.1.3.3) is an enzyme that The values are averages and SD (n=3). Spot ID: see Table 1 catalyzes the reaction, carbamoyl phosphate + ornithine → citrulline + Pi. In plants, this enzyme is involved in arginine biosynthesis [15] . The protein annotated as a putative nuclear RNA binding protein [16] is also increased by 1 mM caffeine.
The present studies revealed that caffeine reduced the amounts of 51 protein spots and, therefore, growth inhibition might be closely related to expression of these proteins. Among them, caffeine markedly reduced the amounts of 5 proteins. Since microtubules, tubular polymers of tubulin are a component of the cytoskeleton, decrease of this protein causes the reduction of cell division. Decrease of UDP-arabinopyranose mutase may also be closely related to the reduction of cell wall components which may inhibit the growth of seedlings. Caffeine also reduced the enzyme proteins involved in carbohydrate metabolism. This may inhibit sucrose degradation and subsequent utilization of sucrose for biosynthesis and energy metabolism. 2 9 1 4 2 9 1 5 3 3 2 1 3 4 1 8 4 0 0 1 4 0 1 8 4 3 1 6 5 3 1 4 6 1 1 8 7 2 2 2 8 4 3 4 8 6 
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Fourteen protein spots were increased by caffeine treatment, while quantities of 7 proteins were substantially higher than in control samples. Caffeine-mediated enhancement of proteins is of interest. The data obtained here show only accumulation of these proteins in the caffeine-treated seedlings and, therefore, further studies, including enzymatic activities and fluctuation of amount of these proteins during germination are necessary to elucidate more fully the effects of caffeine.
The caffeine-enhanced proteins include a protease and the adenine salvage enzyme. In embryonic axes of rice seedlings, it has been observed that protease activity was highest at 48 h after germination and then decreased [17] . In the embryonic axes of mungbean seedlings, high adenine salvage activity in the early stage of germination was suggested from the 14 C-tracer experiments. The adenine salvage was reduced in the later stage of germination [18] . These results imply that the apparent high amounts of alanyl aminopeptidase and adenine phosphoribosyltransferase observed in the current study may be an indirect consequence of the caffeinemediated reduction of growth of rice seedlings. Nevertheless, the protein profile data obtained here may be useful for the biochemical elucidation of caffeine as an allelochemical. Prior to the second dimension, strips were incubated for 10 min in equilibration buffer (50 mM Tris-HCl, pH 6.8 containing 6 M urea, 2% SDS and 30% glycerol), first with 1% DTT and second with 2.5% iodoacetamide. Equilibrated strips were inserted onto SDS-PAGE gels (20 x 24 cm, 10-16%). SDS-PAGE was performed using Hoefer DALT 2D system (Amersham Biosciences) following the manufacturer's instructions. 2D gels were run at 20C for 1,700 Vh. 2D gels were silver stained as described by Oakle et al. [20] , but the fixing and sensitization step with glutaraldehyde was omitted.
Experimental
Image analysis:
Quantitative analysis of digitized images was carried out using the PDQuest software (version 7.0, Bio-Rad Laboratories) according to the protocols provided by the manufacturer. The quantity of each spot was normalized by total valid spot intensity. Protein spots were selected for significant expression variation deviated over two fold in its expression level compared with control sample.
In-gel protein digestion for MALDI-TOF/TOF:
Protein spots were enzymatically digested in gel in a manner similar to that previously described by Shevchenko et al. [21] and using modified porcine trypsin (Promega modified). Gel pieces were washed with 50% acetonitrile to remove SDS, salt and stain. Washed and dehydrated spots were then vacuum dried to remove solvent and rehydrated with trypsin (8-10 ng/μL) solution in 50 mM ammonium bicarbonate, pH 8.7, and incubated for 8-10 h at 37°C.
Identification of proteins by MALDI-TOF/TOF:
Samples were analyzed using the Applied Biosystems 4700 proteomics analyzer with TOF/TOFTM ion optics. Both MS and MS/MS data were acquired with a Nd:YAG laser with 200 Hz repetition rate, and up to 4000 shots were accumulated for each spectrum. MS/MS mode was operated with 2 keV collision energy; air was used as the collision gas such that nominally single collision conditions were achieved. Although the precursor selection has a possible resolution of 200, in these studies of known single component analytes a resolution of 100 was utilized. Both MS and MS/MS data were acquired using the instrument default calibration, without applying internal or external calibration. Sequence tag searches were performed with the program MASCOT (http://www.matrixscience.com). Some functional information of annotated proteins is obtained from the UniProt (http://www.uniprot.org/).
